Poly(ADP-ribose) polymerase (PARP) knockout mice are resistant to murine models of human diseases such as cerebral and myocardial ischemia, traumatic brain injury, diabetes, Parkinsonism, endotoxic shock and arthritis, implicating PARP in the pathogenesis of these diseases. Potent selective PARP inhibitors are therefore being evaluated as novel therapeutic agents in the treatment of these diseases. Inhibition or depletion of PARP, however, increases genomic instability in cells exposed to genotoxic agents. We recently demonstrated the presence of a genomically unstable tetraploid population in PARP -/-fibroblasts and its loss after stable transfection with PARP cDNA. To elucidate whether the genomic instability is attributable to PARP deficiency or lack of PARP activity, we investigated the effects of PARP inhibition on development of tetraploidy. Immortalized wild-type and PARP -/-fibroblasts were exposed for 3 weeks to 20 µM GPI 6150 (1,11b-dihydro-[2H]benzopyrano[4,3,2-de]isoquinolin-3-one), a novel small molecule specific competitive inhibitor of PARP (K i = 60 nM) and one of the most potent PARP inhibitors to date (IC 50 = 0.15 µM). Although GPI 6150 initially decreased cell growth in wild-type cells, there was no effect on cell growth or viability after 24 h. GPI 6150 inhibited endogenous PARP activity in wild-type cells by ∼91%, to about the residual levels in PARP -/-cells. Flow cytometric analysis of unsynchronized wild-type cells exposed for 3 weeks to GPI 6150 did not induce the development of tetraploidy, suggesting that, aside from its catalytic function, PARP may play other essential roles in the maintenance of genomic stability.
INTRODUCTION
PARP -/-mice, with a homozygous disruption of the poly(ADPribose) polymerase (PARP) gene, do not express any PARP detectable by immunoblot analysis (1, 2) . They suffer far less tissue injury in murine models of a number of human diseases, including focal cerebral ischemia (3, 4) , traumatic brain injury (5) , myocardial ischemia (6,7), streptozocin-induced diabetes (8-10), 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced Parkinsonism (11) , endotoxic shock (12, 13) and peroxynitrite-and dextran sulfate-induced inflammation (14, 15) , suggesting that PARP activation, triggered by oxidative or nitric oxide-induced stress, plays a role in the pathophysiology of these diseases. Thus, potent and specific inhibitors of PARP are now being developed as novel therapeutic agents in the treatment of these diseases. For acute treatment, PARP inhibitors have been shown to diminish brain damage after cerebral focal ischemia (4, (16) (17) (18) (19) (20) (21) , protect cardial myocytes in regional heart ischemia (6, 7, 22) , reduce renal ischemia-reperfusion injury (23) and decrease neuronal injury in a head trauma model (24) . The onset of some diseases, such as the development of hyperglycemia in streptozocin-induced type I diabetes, is delayed in PARP +/-mice (8) , suggesting that even partial inhibition of PARP can provide therapeutic benefits and that treatment with potent PARP inhibitors at the time of diagnosis may, thus, prevent or slow disease progression. Even weak PARP inhibitors, such as nicotinamide, have shown some limited beneficial effects in clinical trials for the treatment of human diabetes (25, 26) . Most PARP inhibitors, including the benzamide and isoquinoline families, however, exhibit low potency and specificity; thus, in the search for more specific, potent, small molecule PARP inhibitors, we have identified GPI 6150 (1,11b-dihydro-[2H] benzopyrano [4,3,2-de] isoquinolin- 3-one) , which has recently demonstrated remarkable efficacy in reducing tissue damage in animal models of human diseases (7, 20, 24, 27) such as cerebral and myocardial ischemia, traumatic brain injury, arthritis, septic shock, type I diabetes and Parkinsonism. GPI 6150 is a specific competitive inhibitor of PARP (K i = 60 nM), as revealed by enzyme kinetic analysis, and has no effect on other nicotinamide adenine dinucleotide (NAD)-utilizing enzymes (28) .
On the other hand, PARP is also implicated in the maintenance of genomic stability and inhibition of PARP by chemical inhibitors or by dominant negative mutants, or depletion of PARP by antisense RNA expression have been shown to increase the frequency of recombination, gene amplification, sister chromatid exchanges (SCE) and micronucleus formation, markers of genomic instability, in cells exposed to genotoxic agents (29) (30) (31) (32) (33) (34) (35) . Although exhibiting varying phenotypes, two strains of PARP knockout mice developed by different laboratories both exhibit increased genomic instability, as indicated by elevated frequencies of SCE and micronucleus formation after treatment with DNA-damaging agents, providing further support for a role for PARP in the maintenance of genomic integrity (1, 2, 36) . Development of tetraploidy or aneuploidy-markers of genomic instability in cells-is typical of many tumors and is associated with progression to malignancy or metastasis (37) . By flow cytometric (FACS) analysis, we recently demonstrated the presence of an unstable tetraploid population among immortalized fibroblasts derived from PARP -/-mice (38) . Comparative genomic hybridization further detected partial chromosomal gains in 4C5-ter, 5F-ter and 14A1-C1 in PARP -/-mice and immortalized PARP -/-fibroblasts. These chromosomal gains and the tetraploid population were not seen in PARP -/-cells stably transfected with PARP cDNA [PARP -/-(+PARP)], indicating negative selection of cells with these genetic aberrations after reintroduction of PARP cDNA. PARP deficiency has also been associated with an increased frequency of chromosome fusions and aneuploidy (39) . However, it remains to be clarified whether the genomic instability resulting from disruption of the PARP gene may be attributed to the deficiency in PARP protein itself or to a lack of significant PARP activity. Thus, it is of interest, particularly to laboratories developing potent PARP inhibitors as therapeutic agents, to test whether pharmacological inhibition of PARP, at least during the duration of acute treatment intended for initial clinical use, could increase genomic instability, as indicated for example by development of tetraploidy. Accordingly, in the present study immortalized fibroblasts derived from PARP +/+ and PARP -/-mice were continuously grown and subcultured in the presence of 20 µM GPI 6150 or with vehicle alone (dimethyl sulfoxide, DMSO) for a period of 3 weeks. At the end of weeks 1, 2 and 3, FACS analysis was performed to detect the presence of mixed ploidy or a genomically unstable tetraploid population in GPI 6150-treated PARP +/+ cells.
MATERIALS AND METHODS

GPI 6150
After a combination of high-throughput screening of chemical libraries and structure-based drug design to identify novel small molecule PARP inhibitors, GPI 6150 or 1,11b-dihydro-[2H]benzopyrano[4,3,2-de]isoquinolin-3-one (Guilford Pharmaceuticals Inc., Baltimore, MD) was synthesized and evaluated. One of the tetracyclic compounds in a series of PARP inhibitors, GPI 6150, is a specific competitive inhibitor of PARP (K i = 60 nM) and has recently provided protection from tissue damage in several animal models of human diseases (7, 20, 24, 27) such as cerebral and myocardial ischemia, traumatic brain injury, arthritis, septic shock, type I diabetes and Parkinsonism. GPI 6150, with a molecular mass of 237, was solubilized in 100% DMSO and added to the cells at a final concentration of 20 µM.
Cell lines
Homozygous PARP -/-mice, generated by disrupting exon 2 of the PARP gene by homologous recombination (1) , and wild-type (PARP +/+ ) littermates (strain 129/Sv × C57BL/6, female) were used to derive wild-type (PARP +/+ clone A19) and PARP -/-(clone A1) fibroblasts, which were immortalized spontaneously by a standard 3T3 protocol (1) and cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, penicillin (100 U/ml) and streptomycin (100 µg/ml).
Immunoblot analysis
SDS-PAGE and transfer of proteins to nitrocelluose membranes were performed according to standard procedures. Membranes were stained with Ponceau S (0.1%) to confirm equal loading and transfer of proteins and then incubated with antibodies to PARP (1:2000 dilution; BioMol) and poly(ADPribose) (PAR) (1:250 dilution; 10HA). Immune complexes were detected by enhanced chemiluminescence (Pierce) after incubation with appropriate horseradish peroxidase-conjugated antibodies to mouse or rabbit IgG (1:3000 dilution).
Reverse transcription-polymerase chain reaction (RT-PCR)
Unique oligonucleotide primer pairs for mouse PARP (mPARP) were designed and prepared. Total RNA, purified from cell pellets with an RNA extraction kit (Pharmacia Biotech), was subjected to RT-PCR using oligonucleotide primer pairs for mPARP and a Perkin Elmer Gene Amp EZ tTh RNA PCR kit. The reaction mix (50 µl) contained 300 µM of each dGTP, dATP, dTTP and dCTP, 0.45 µM of each primer, 1 µg total RNA and 5 U rTth DNA polymerase. RNA was transcribed at 65°C for 40 min and DNA was amplified by an initial incubation at 95°C for 2 min, followed by 40 cycles at 95°C for 1 min, 60°C for 1.5 min and 65°C for 0.5 min, with a final extension at 70°C for 22 min. The PCR products were then separated by electrophoresis in a 1.5% agarose gel and visualized by ethidium bromide staining. 
PARP activity assays
PARP +/+ fibroblasts were harvested and washed with ice-cold phosphate-buffered saline (PBS). Cell extracts were then derived and subjected to enzyme assays to measure PARP activity in the presence of various concentrations of GPI 6150 in order to determine the IC 50 for this potent PARP inhibitor. For PARP activity assays incorporation of [ 32 P]NAD in vitro into acid-insoluble acceptors was measured at 25°C for 1 min, with 30 µg protein per determination and triplicate determinations per treatment, as described previously (40) . PARP +/+ and PARP -/-fibroblasts, grown continuously in the presence of 20 µM GPI 6150 or with vehicle alone, were harvested at days 1, 2, 3 and 4 (prior to passaging) and washed extensively with ice-cold PBS. Equal amounts of cell extracts were then derived and subjected to PARP activity assays to confirm inhibition of endogenous PARP activity in the GPI 6150-treated cells. Given that GPI 6150, a reversible inhibitor, forms a stable enzyme-inhibitor complex with PARP that lasts up to 2 h (28), the cell extracts were prepared and subjected to PARP activity assays in less than 30 min, during which ∼90% of the GPI 6150 is expected to be in the enzyme-inhibitor complex.
Flow cytometry
Nuclei were prepared for FACS analysis as described previously (41) . Cells were exposed to trypsin and resuspended in 100 µl of a solution containing 250 mM sucrose, 40 mM sodium citrate Figure 2 . Determination of the IC 50 for GPI 6150 (A), effects of GPI 6150 on cell growth (B) and endogenous PARP activity (C) of wild-type and PARP -/-fibroblasts. (A) PARP +/+ cells were washed with ice-cold PBS, cell extracts were derived and equal amounts of protein (30 µg) were subjected to PARP activity assays in the presence of various concentrations of GPI 6150. PARP activity assays were performed by measurement of [ 32 P]NAD incorporation in vitro into acidinsoluble acceptors at 25°C for 1 min, with triplicate determinations per treatment. (B) Cells were grown in the presence of 20 µM GPI 6150 or with vehicle alone (DMSO) for 3 weeks, during which GPI 6150 was replenished when the culture medium was changed every other day and when the cells were passaged once a week. During the first week, effects of GPI 6150 on cell viability and cell growth were determined by cell counts with Trypan blue staining every 24 h for the 3 days of exposure to GPI 6150 and prior to passaging the cells on day 4. (C) Inhibition of endogenous PARP activity in the wild-type cells exposed to 20 µM GPI 6150 at the indicated times was also verified by PARP activity assays. Equal amounts of total cellular protein (30 µg) were subjected to PARP activity assays in triplicate determinations. All the data are presented as means ± SD of three replicates of a representative experiment; essentially the same results were obtained in three independent experiments.
(pH 7.6) and 5% (v/v) DMSO. The cells were lysed for 10 min in a solution containing 3.4 mM sodium citrate, 0.1% (v/v) NP-40, 1.5 mM spermine tetrahydrochloride and 0.5 mM Tris-HCl (pH 7.6). After incubation of lysates for 10 min with RNase A (0.1 mg/ml), nuclei were stained for 15 min with propidium iodide (0.42 mg/ml), filtered through a 37 µm nylon mesh and analyzed with a dual laser flow cytometer (FACScan; Becton Dickinson).
RESULTS
GPI 6150 is a potent PARP inhibitor with an IC 50 of 0.15 µM
We first confirmed the lack of immunoreactive PARP in immortalized fibroblasts derived from PARP knockout mice (clone A1) and its presence and activity in wild-type (PARP +/+ ) cells (clone A19) by immunoblot analysis with antibodies to PARP and PAR (Fig. 1A) . As expected, RT-PCR analysis detected mPARP transcripts in wild-type but not in PARP -/-cells (Fig. 1B) . To determine the IC 50 for GPI 6150 under our laboratory conditions, PARP +/+ fibroblasts were harvested, washed with ice-cold PBS and cell extracts were derived and subjected to enzyme assays to measure PARP activity in the presence of various concentrations of GPI 6150. Although the basal levels of PARP activity in the PARP +/+ fibroblasts were not induced by any DNA-damaging agent exogenously applied to the cells, the in vitro reaction included equal amounts of nicked DNA (activated calf thymus DNA) needed to activate PARP. PARP activity assays, performed by measurement of [ 32 P]NAD incorporation in vitro into acid-insoluble acceptors at 25°C for 1 min, showed that GPI 6150 inhibited PARP activity by 50% at a concentration of 0.15 µM (IC 50 ) (Fig. 2A) .
Inhibition of endogenous PARP activity by GPI 6150 and effects on cell growth and viability in immortalized wild-type and PARP -/-cells
To investigate whether pharmacological inhibition of PARP by GPI 6150, at least for the duration of treatment intended for initial acute clinical indication, could suffice to induce development of tetraploidy in cells, immortalized wild-type and PARP -/-fibroblasts were continuously grown and subcultured in the presence of 20 µM GPI 6150 or with vehicle alone (DMSO) for 3 weeks. Given the stable chemical structure and relatively long half-life of GPI 6150, the PARP inhibitor was replenished when the culture medium was changed every other day and when the cells were passaged once a week.
To first confirm that treatment of wild-type cells with GPI 6150 (20 µM) does not affect cell viability or cell growth during the period of treatment, cell counts were performed after Trypan blue staining every 24 h for the first 3 days of exposure to GPI 6150, prior to passaging at day 4. Figure 2B is a representative experiment showing cell counts in the presence of GPI 6150 or vehicle during the first 3 days (of the total 3 week period), prior to the first passaging. The cell counts for the next 3 days after passaging at day 4 and every 3 days thereafter were essentially the same as those shown in Figure 2B . As expected, the growth rate (rate of cell doubling) of PARP -/-cells was significantly lower than that of wild-type cells (Fig. 2B) . This is consistent with previous studies showing that fibroblasts derived from PARP knockout mice exhibit proliferation deficiencies in culture (1, 43) . Furthermore, we have also shown that PARP is a core component of the multiprotein DNA replication complex (44) and plays an essential role in DNA replication associated with re-entry into the cell cycle after release from serum starvation or aphidicolin block (45, 46) . Although treatment of wild-type cells with GPI 6150 for 24 h resulted in an initial decrease in the rate of cell doubling to ∼50% of that in vehicle-treated cells, there was no difference in the rate of cell growth between the GPI 6150-treated cells and those treated with vehicle alone at 48 h and thereafter (Fig. 2B) . There was also no significant increase in cell death, as indicated by increased internalization of Trypan blue, in the GPI 6150-treated PARP -/-or wild-type cells (data not shown).
To further verify inhibition of endogenous PARP activity in wild-type cells exposed to 20 µM GPI 6150 during the 3 week period of treatment, PARP activity assays were performed every day for the first 3 days of exposure to GPI 6150 and at day 4, when the cells were passaged. Cells were harvested and extensively washed with ice-cold PBS to remove traces of extracellular GPI 6150. Cell extracts were then derived and equal amounts of total cellular protein (30 µg) were subjected to PARP activity assays by incorporation of [ 32 P]NAD into acid-insoluble acceptors as described in Materials and Methods. As expected, exposure to GPI 6150 resulted in ∼91% inhibition of endogenous PARP activity in the wild-type cells every day during the first 3 day exposure to the drug prior to passaging at day 4 ( Fig. 2C) . At day 4 endogenous PARP activity is expectedly low even in wild-type cells, presumably because the cells are reaching confluency. Consistent with previous reports of PAR-synthesizing activity in PARP -/-mice and cells, presumably due to PARP homologs such as PARP-2 (47,48) or sPARP (49) , such a residual activity was also noted in the PARP -/-cells, which is ∼9-15% of that in wild-type cells (Fig. 2C) . GPI 6150 also slightly inhibited this residual activity. This residual activity in PARP -/-cells has not been shown to modify proteins aside from itself, thus, it may not fully compensate for PARP depletion (47, 48) . Nevertheless, GPI 6150 inhibited endogenous PARP activity in wild-type cells to approximately the basal levels noted in PARP -/-cells.
Complete inhibition of PARP activity by GPI 6150 was also confirmed in intact cells, aside from cell extracts, by induction of Fas-mediated apoptosis in PARP +/+ fibroblasts in the presence of 20 µM GPI 6150 or with vehicle alone. Transient poly(ADP-ribosyl)ation of nuclear proteins occurs early during apoptosis induced by serum deprivation, camptothecin or antibodies to Fas in different cell lines (50) (51) (52) (53) . Immunoblot analysis with anti-PAR of cell extracts derived at various times after induction of apoptosis revealed that in the presence of vehicle alone a transient peak of poly(ADP-ribosyl)ation occurred 8 h after induction, which subsequently declined (Fig. 3) , concomitant with the onset of caspase 3-mediated PARP cleavage (data not shown). In contrast, in the presence of GPI 6150 this early PARP activation was completely blocked, verifying complete inhibition of PARP activity in vivo by GPI 6150 (Fig. 3) . The specificity of the anti-PAR antibody used in these experiments has been confirmed in experiments showing that removal of PAR from immunoblots by phosphodiesterase treatment eliminates the polymer signal (44).
Short-term inhibition of PARP activity by GPI 6150 does not suffice to induce tetraploidy in immortalized PARP +/+ cells
Tetraploidy is caused by the absence of either chromosome segregation or cytokinesis when cells exit from mitosis; such cells are genetically unstable and become aneuploid at subsequent mitoses (54) . FACS analysis of unsynchronized immortalized PARP -/-(clone A1) cells revealed an unstable tetraploid population of cells (Fig. 4A) . Whereas DNA histograms of wild-type cells (clone A19) (left panel) showed two major peaks of nuclei in the G 0 /G 1 (haploid) and G 2 /M (diploid) phases of the cell cycle, unsynchronized PARP -/-cells (clone A1) (right panel) showed a third peak corresponding to the G 2 /M peak of an unstable tetraploid cell population in these cells, in addition to the two major peaks. This tetraploid population was also observed when PARP -/-cells were synchronized by either serum deprivation or aphidicolin and released into S phase (38) . Similar results were also obtained with primary fibroblasts derived from PARP -/-and wild-type mice (55) . Thus, the loss of PARP in diploid cells results in formation of unstable tetraploid cells predisposed to chromosome segregation abnormalities Previous studies have shown that under certain conditions, such as during DMBA-induced carcinogenesis in hamster keratinocytes (56) , a significant increase in karyotypes showing tetraploidy or near-tetraploidy occurs after 2 weeks treatment. We next investigated whether development of the unstable population of tetraploid cells in immortalized PARP -/-fibroblasts can be induced by a lack of PARP activity for a 3 week period in wild-type cells. FACS analysis was performed after continuous exposure of cells to GPI 6150 for 1, 2 and 3 weeks to detect the presence of mixed ploidy or a tetraploid population in the GPI 6150-treated wild-type cells. FACS analysis of wild-type cells grown for 1, 2 or 3 weeks in the presence of 20 µM GPI 6150 or with vehicle (DMSO) alone did not show induced development of any tetraploidy in the cells, which retained a typical pattern of two major peaks of nuclei in the G 0 /G 1 (haploid) and G 2 /M (diploid) phases of the cell cycle after 3 weeks (Fig. 4B) . As expected, exposure of immortalized PARP -/-fibroblasts to 20 µM GPI 6150 or to vehicle alone for the same time period had no effect on the presence of the unstable tetraploid population in these cells; DNA histograms of unsynchronized PARP -/-cells retained the third peak corresponding to the G 2 /M peak of an unstable tetraploid cell population after 3 weeks exposure to GPI 6150 (Fig. 4C) . Thus, short-term inhibition of PARP activity by GPI 6150 in PARP +/+ cells is not sufficient to induce the development of tetraploidy.
DISCUSSION
The present study demonstrates that the short-term pharmacological inhibition of PARP by GPI 6150, a novel potent competitive inhibitor of PARP, at least during the period of acute treatment intended for initial clinical use, does not suffice to induce genetic instability, as indicated by development of tetraploidy in cells exposed to this potent PARP inhibitor. It is possible that inhibition of PARP activity with GPI 6150 for a longer period of time may be necessary to induce the genetic alterations necessary for development of tetraploidy in wild-type cells, as in the case of life-time depletion of PARP in PARP knockout mice. Alternatively, these results suggest that PARP may play other essential roles in the maintenance of genomic stability, aside from its catalytic function. For example, immunoprecipitation experiments have shown that PARP physically associates with different nuclear proteins, such as DNA polymerase α (40,57,58), topoisomerase I (59) and p53 (60) . The association of PARP and DNA polymerase α requires the PARP DNA-binding domain and occurs during the S and G 2 phases of the cell cycle (58) . Physical association with other proteins may represent a mechanism by which PARP can recruit certain proteins, such as PCNA and topoisomerase I, into the DNA replication/repair complex (45) . PARP also physically associates with the base excision repair (BER) protein XRCC1 via the central XRCC domain, which contains a BRCT module, and XRCC1 interacts with ligase III via this BRCT module (61) . PARP is therefore suggested to be a member of the BER multiprotein complex and to play a role in recruitment of XRCC1 and its partners to DNA breaks. This may explain why immortalized PARP -/-cells show severe defects in DNA BER, as indicated by a delay in rejoining of DNA strand breaks after exposure to genotoxic agents (43) .
PARP may confer genetic stability via its putative role in p53 induction, accumulation and stabilization. p53 is implicated in the maintenance of diploidy as a component of the spindle checkpoint (62) and by regulating centrosome duplication (63) . Given that the loss of p53 from diploid cells promotes the survival of cells with severe DNA damage and the development of tetraploidy (62, 64, 65) , the presence of a tetraploid population among the immortalized PARP -/-cells is consistent with a lack of immunoreactive p53 in these cells (38) . Interestingly, loss of the tetraploid population in PARP -/-cells stably transfected with PARP cDNA further correlates with partial restoration of p53 expression in these cells (38) . Both PARP activity and p53 accumulation are induced by DNA damage and both proteins have been implicated as sensors of such damage. A functional association of PARP and p53 has been suggested by immunoprecipitation experiments (60); however, whether this interaction between the two proteins plays a role in p53 function or in p53 accumulation and stabilization remains to be clarified.
Accumulating evidence has also recently shown that PARP and poly(ADP-ribosyl)ation play dual roles in different nuclear processes, depending on the levels of the substrate NAD and the presence of PARP-activating DNA breaks. Thus, physical interaction of PARP with DNA polymerase α in the absence of NAD activates polymerase α (57), while addition of NAD to the DNA replication complex inhibits polymerase α catalytic activity (45) . Similarly, in the absence of NAD, PARP interacts with different transcription factors to enhance activatordependent transcription, while the presence of NAD and consequent PARP activation represses transcription, presumably by poly(ADP-ribosyl)ation of certain transcription factors (66) . PARP in the absence of NAD enhances activator-dependent transcription by interacting with RNA polymerase II-associated factors (66) . Similarly, PARP binds transcription enhancer factor 1 to enhance muscle-specific gene transcription (67) , as well as transcription factor AP-2 to co-activate AP-2-mediated transcription (68) . PARP-dependent silencing of transcription involves poly(ADP-ribosyl)ation of a number of transcription factors, which prevents the formation of active transcription complexes; modification of these proteins prevents binding to their respective DNA consensus sequences (69) . Further work is clearly necessary to elucidate other molecular mechanisms by which PARP, aside from its catalytic activity, plays a role in the maintenance of genomic integrity.
